T h e V ib r a tio n a l S t a te D e p e n d e n c e o f th e 14N Q u a d r u p o le C o u p lin g T e n s o r in A n ilin e . A M ic ro w a v e F o u r ie r -T ra n s fo r m S tu d y C o m b in e d w ith S e m irig id B e n d e r C a lc u la tio n s B. Kleibömer and D. H. Sutter Abteilung Chemische Physik im Institut für Physikalische Chemie der Universität Kiel Z. Naturforsch. 43 a, 561-571 (1988); received March 22, 1988 Experimental values for the diagonal elements of the 14N quadrupole coupling tensor derived from analysis of the hyperfine structure of low-J rotational transitions are reported for the two lowest states of the amino wagging mode. They show the expected difference due to averaging over the large amplitude amino wag. A semirigid bender analysis of previously published infrared data provides the inversion angle expectation values for use in a quantum-chemical calculation of the corresponding effective Cou lomb field gradients at the nitrogen nucleus.
Introduction
From earlier microwave spectroscopic studies [1, 2, 3] aniline is known to have an essentially planar heavy atom skeleton with a pyramidal NH2 group attached to it. Its 14N nuclear quadrupole coupling constants, its electric dipole moment and a complete substitution structure have been determined in these studies.
The rotational spectrum of aniline consists of dou blets due to molecules in the two lowest states of the inversion motion of the amino group. This large am plitude motion renders the determination of the struc tural parameters of the NH2-group by the substi tution method [4] unprecise, and therefore recently a partial equilibrium structure has been determined by explicitely treating the anharmonicity of the inversion motion and including the effective rotational con stants in two or more inversion states [5] .
In the study reported here, we have investigated the 14N quadrupole hyperfine splittings of the rotational transitions of molecules in the two lowest states of the inversion motion. With the superior resolution and sensitivity of our new microwave Fourier-transform spectrometer, the differences of the splittings in the 0 + -state and in the 0~ -state could be measured for the first time.
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In the first part of the paper we give some informa tions on the microwave Fourier-transform spectrome ter.
In the second part we present our analysis of the splittings and our interpretation of the results within a semirigid bender model. This includes a comparison with the quadrupole coupling constants obtained ear lier for the related molecules vinylamine, cyanamide and ammonia.
The Microwave Fourier-transform Spectrometer A simplified block diagram of our spectrometer is shown in Figure 1 . In a typical experiment the cw polarization microwave source (upper center), locked to the n-th harmonic of a frequency synthesizer (left), is first set close to the rotational resonances under investigation (off-resonance setting is usually less than 1 MHz). The microwave radiation is chopped into short pulses by PIN-diode-switch 1. The pulse dura tion is adjustable between 10 ns and up to 25 ps, with 100 ns a typical value in routine work. The pulses are then amplified into the 1 to 20 W range by a travelling wave tube amplifier (TWTA). In the sample cell those subensembles of molecules which can undergo an electric dipole transition to an eigenstate with a transi tion frequency sufficiently close to the microwave fre quency in the incident pulse, are coherently driven into a mixed state. The degree of this mixing depends on the dipole matrix element, on the field strength of 0932-0784 / 88 / 0600-0555 S 01.30/0. -Please order a reprint rather than making your own copy. Block diagram of the microwave Fourier-transform spectrometer used in the present investigation. The sample (sample pressure below 10~3mbar) is polarized by short, near-resonant microwave pulses. The resulting coherent emission signal is then amplified and heterodyned down into the 30 MHz range. After digitization and averaging, the observed transient emission signals are subjected to a discrete Fourier-transformation or to a non-linear least-squares fit procedure to yield the molecular transition frequencies, intensities and linewidths. For more details see text.
the driving microwave field, on the off-resonance and on the pulse duration [6] [7] [8] [9] . After the pulse the subensembles in turn emit their corresponding molecular transition frequencies. This molecular emission decays within few microseconds, since collisions and Doppler dephasing destruct the coherence. The faint molecular emission signal, typically 1CT13 to 10-11W, is am plified by a low-noise GaAs-FET amplifier and is then heterodyned down into the 30 MHz range in a doublebalanced mixer (lower right). (The local oscillator (up per right) is phase-locked to the polarization oscillator at a frequency exactly 30 MHz above (or below) the frequency of the latter). The i.f. signal corresponding to the molecular emission signal is amplified and digi tized at a rate of typically 100 MHz, i.e. every 10 ns a sample is taken. With signal to noise ratios on the order of 1/100 to 1/10 at the input of the digitizer, typically 106 decays are averaged up before further processing the data. To guarantee correct phase rela tions between subsequent decays [10], pulsing and data acquisition are locked to the same master clock as is used in phase-locking the local oscillator to the polarization oscillator. The block diagram also shows some additional details: 1) For pulse echo suppression, waveguide ferrite isolators, which attenuate microwaves travelling in the reverse di rection by more than 20 dB, are inserted at either end of the sample cell. 2) Additional PIN-diode-switches protect the sensitive GaAs-FET amplifier against burnout during the pulses (switch 4) and block TWTA noise during the transient emission periods (switch 3). 3) A 180° phase alternation between subsequent pulses is used to discriminate between signals of molecular origin (they shift phase) and coherent pickups within the elec tronics (they do not shift phase).
The timing for the PIN-swith pulses and for the phase shift sequence is shown as an insert at left in Figure 1 .
In Fig. 2 we show a typical transient decay and its Fourier-transform power spectrum. The heart of the spectrometer is a new averager (Fig. 1, bottom right) . At its input the transient molec ular emission signal, which is deeply buried in instru mental noise, is probed every 10 ns by a fast compara tor. Depending on the sign of the input voltage a plus-one or a minus-one is added to the contents of the appropriate memory cell in the 4 k 16-bit RAM. For the convenience of the reader, the mathematical background of 1-bit averaging is described in the Appendix with special emphasis on our application. Parallel processing in 16 data paths makes it possible to perform AD-conversion (fast) and data accumu- Fig. 2 . Transient molecular emission signal (above) and the corresponding Fourier-transform power spectrum (below) of the inversion doublet of the 322 -221 rotational transition of aniline-NH2. The molecules were polarized by a pulse of 80 ns duration with a carrier frequency at 13109.988 MHz, near the center of the 0 + -and 0~ -components. For each decay 4 k data points were recorded in 10 ns intervals. 0.984 million decays were averaged up. The triplet splitting of the 0 + -and 0~-components is due to the N-quadrupole coupling. Spin weights, 9 for the upper 0--state and 7 for the löwer 0 -state, and the vibrational Boltzmann factors almost compensate at the sample temperature of -30 °C, giving rise to a doublet of almost identical intensities. The sample pres sure was 2 mTorr. lation (slow) simultaneously and thus to run the ex periment at a repetition rate, which is about three times larger than with the previous design [11] . Fur thermore, with the RAM increased from lk to 4 k, also slower decays can now be probed over a period of up to 40 ps with the short sampling interval of only 10 ns. Both improvements, higher repetition rate and increased RAM space, have led to a significant im provement in the signal to noise ratio which can be obtained in a given amount of time. The latter im provement also has minimized problems with "ali asing" which was common with the previous design, if slow decays were studied. The new averager is de scribed in detail in a separate publication [12] . The quadrupole hyperfine splittings of four R-branch and three Q-branch rotational transitions of aniline in the 0 + -and 0~ -state of the NH2 inversion motion were measured with the spectrometer described in the previous section. Sample tempera tures were close to -30 °C and sample pressures were close to 1 mTorr (0.13 Pa). We also observed a number of vibrational satellites, some of them appearing as doublets. Most likely they are the 0 + -and 0 " -components of the first excited state of a vibration other than the inversion. Four lines, not closely accompanied by other lines, could be fitted by an effective rigid rotor Hamiltonian and were tentatively assigned as originating from molecules in the 1 +-state of the NH2 inversion, since in the 1+-and 1 "-states the "inversion splitting" is so large that the corre sponding rotational transition, which originates from molecules in the upper 1 "-state, should appear as an isolated line well separated from its observed 1+-partner and far weaker in intensity due to the Boltzmann factor (compare Figure 3) .
In Table 1 we present a list of measured frequencies. The transition frequencies were determined by a leastsquares fit of the frequencies, amplitudes, phases and relaxation times to the observed decays [13] , This pro cedure yields considerably more accurate results than the traditional discrete Fourier-transform analysis of the decays [14, 15] . The least-squares standard devia tions are typically on the order of 1 kHz or below for the stronger satellites and up to 2 kHz for the weaker satellites listed in Table 1 . This agrees with the repro ducibility of the frequencies when the experiments were repeated at an other day and with slightly differ ent microwave frequencies in the exciting pulses. It also agrees with the quality of the fit of the 14N qua drupole hyperfine structure within first order quadru pole coupling theory [16] . In the corresponding Hamiltonian, the rotational constants and 14N qua drupole coupling constants are effective values. In principle they originate from a second order perturba tion treatment within the vibronic states i.e. a Van Vleck transformation [17] , which aims at the state under consideration. In our case they are essentially the vibronic expectation values of the corresponding operators. The averaging over the inversion motion is discussed below. The only term which leads to matrix elements between the closely spaced 0 + -and 0 "-levels energy (cm -1) inversion angle (degrees) Fig. 3 . Potential for the NH2 inversion of aniline with ob served [27] and calculated inversion band wavenumbers. The latter were calculated within the semirigid bender model described in the text using the optimized potential function F(T)/cm_1 = 1511 r4/rad4 -1806t2/rad2 + 540. For the definition of the inversion angle t compare Figure 6 .
arises from the inertia tensor element pxz (see (2) below). However, it is so small that a second order Van Vleck treatment is adequate. (jxx: does not contribute to first order since its expectation value vanishes due to symmetry.)
The center frequencies of the hfs-multiplets were then used for a fit of the effective rotational constants. Our results are presented in Table 2 . Also given for comparison are the corresponding values deter mined earlier by Lister et al. [3] who, however, did not give their experimental uncertainties. In Table 3 we present our 14N quadrupole hfs coupling con stants together with the effective inversion angle ij/v) and expectation values for some even powers of r. Compared to the previous work by Hatta et al. [2] , who could not measure the difference of the hfs-splittings in the 0 + -and 0~-states, the standard deviations of the coupling constants are reduced by more than an order of magnitude. Also given in Table 3 are the corresponding values for the related molecules cyanamide, vinylamine and ammo Table 1 . 14N quadrupole hyperfine splittings of some low-J rotational transitions of aniline in the 0 + -and 0~-state of the NH2 inversion. Also given are some splittings tentatively assigned to molecules in the 1 +-state. The experimental frequencies were obtained from a decay-fit procedure described earlier [13] . The theoretical splittings were calculated within the rigid rotor model using the optimized quadrupole coupling constants presented in Table 3 (11) nia. We observe that there is a significant inversion state dependence in the effective quadrupole coupling constants. The absolute values are larger in the 0 + -state and smaller in the 0 " -state. The difference can even be seen in the power spectra such as the one shown in Figure 4 .
The same trend in the dependence of the quadru pole coupling constants on the inversion state was observed earlier for the related molecules cyanamide and vinylamine [18] .
This trend can be "understood" already within the simple minded picture of an sp3 hybridized nitrogen in Table 3 . Effective 14N quadrupole coupling constants observed for aniline-NH2 in different states of the NH2-inversion and expectation values for even powers of the inversion angle t. (Odd power expectation values are zero from symmetry). Also given for comparison are the corresponding values for the related molecules cyanamide [18] , vinylamine [18] and ammonia [30] , The r"-expectation values for ammonia were calculated within the rigid bender model using the NH bond distance and potential function given by D. Papousek, J. M. R. Stone, and V. Spirko [31] . the pyramidal configuration with an electron lone pair in the sp3 orbital not involved in the cr-bonds to the ring and to the hydrogens, respectively, and a change in hybridization to sp2 when the molecule swings through the planar configuration with the lone pair now in the nitrogen p-orbital perpendicular to the plane of the molecule. Just as described in a recent paper on the monofluorobenzonitriles [19] , a simple Townes-Dailey type calculation of the quadrupole coupling constants leads to Xxx = 2. nversion angle (degrees) Fig. 4 . Inversion potential and wavefunctions from the semi rigid bender fit to the aniline-NH2 far infrared data [21] . Due to the node in the planar configuration, the effective inver sion angle, reff t. = |t2 | , is larger in the 0"-state than in the 0 + -state. 0~-state, since in the 0 + -state the planar (and near planar) configurations enter with a higher weight than in the -state, which has a node for the planar config uration.
Just that is observed. We note that similar results are obtained from the nitrogen p-electron densities calculated with the semiempirical CNDO/2 proce dure [20] , giving yxx = 2.3 MHz, ^ = 4.0MHz and yzz = -6.3 MHz for an inversion angle x = 37.5° and yxx = 3.6 MHz, Xyy = 4.7 MHz and yzz = -8.3 MHz for the planar configuration.
However, while these considerations correctly pre dict the observed trend in the effective coupling con stants when going from the 0 + -to the 0~ -state, they fail to explain the observed relative magnitude of the Xaa-and xbi)-values. Furthermore the absolute values of the observed coupling constants are considerably (1)) and the inversion angle, t, all structural parame ters were kept fixed to their revalues [3] , This is also true for the NH-distance (1.001 Ä). The bond distances are given in ,4-units.
smaller than predicted. Clearly a more sophisticated ab initio calculation is needed for a complete under standing together with an averaging over the inver sion motion.
In order to provide the basis for such a quantitative averaging over the correct inversion wavefunctions, we applied the semirigid bender model, developed ear lier by one of us successfully for the analysis of the spectra of other molecules undergoing large ampli tude internal motions [18] .
Our model for aniline is depicted in Figure 6 . We assumed a rigid structure for the ring with the bond distances and bond angles frozen to the values of the substitution structure [3] . Also the NH-distance and the HNH bond angle were fixed to their revalues. Only the CN bond length was assumed to vary with the inversion angle x according to rCN = 1.389 + 0.03 x2, (rCN in Ä, x in rad). (1) In previous studies of cyanamide, formamide and vinylamine [18, 21 -23] it had been demonstrated that the inclusion of semirigidity in this bond was of great importance for a correct description of the inver sion motion. The shortening of the CN bond length, when going through the planar configuration, simply reflects the build up of some double bond character. Equation (1) was adapted to the aniline case from the results obtained earlier for cyanamide, formamide and vinylamine. For the rs-value of the inversion angle, i rs = 37°29', (1) gives the revalue for the CN bond length.
With the inversion as the only internal motion in our model, the classical Hamiltonian takes the form (quadrupole coupling still neglected) j f = j (M xx P2 + AV Py + ßxz P2 + (PX P + P PJ)
In (2) Px, Py, Pz are the components of the angular momentum due to the overall rotation. They are re ferred to the molecular coordinate system. Px is the internal momentum, conjugated to the inversion an gle T. Equation (2) is set up in the Eckart-system which for t = 0 coincides with the principal inertia axes sys tem [24] , Thus there is no kinetic coupling between the overall rotation and the internal momentum Px. The elements of the generalized moment of inertia tensor, Hxx, nyy, etc. are functions of x and can be calculated from the atom masses and from the structural data presented in Figure 6 . For the inversion potential, V (t), we assumed a two-parameter quartic/quadratic shape as an approximation with adjustable parame ters a and b to fit the experimental data:
V (x) = ax* -b x2 + b2/(4 a).
(3) For translation into quantum mechanics, (2) was re written in Podolsky's form [25] . The corresponding Schrödinger equation for the inversion was solved numerically by the Numerov-Cooley method [26] , and the parameters a and b were adjusted for best fit of the far infrared data obtained earlier by Kydd and Krueger [27] .
The result is presented in Figs. 3 and 4 . The same procedure was also carried out for aniline-ND2 and for aniline-NHD. For these molecules the same struc ture was used as for aniline-NH2 except for the ND bond length, which was assumed to be 0.003 Ä shorter than the NH bond to account for the anharmonicity in the stretching vibration. In these calculations the following values were obtained for the central poten tial barrier, Vb, and for the equilibrium value for the inversion angle, re: aniline-NH2: V b = 540 (5) We note that the differences of the best values ob tained for V b and re of the three isotopomers most likely reflect differences in the averaging over the other vibrations which of course slightly affects the observed energy differences but which is neglected (except for the NH bond shortening) in our simplified model with only one internal degree of freedom. (For a combined treatment of inversion, torsion and rotation in aniline, the reader is referred to a recent paper by Pyka and Kreglewski [28] . ) We further note that cyanamide and vinylamine have barriers very similar to aniline. Also in these three molecules, the effective inversion angle in the 0 +-state is about 6° smaller than the equilibrium angle and about 4° smaller than in the 0 "-state.
From the vibrational wavefunctions, numerically determined as described above, we also calculated the vibrational expectation values for t 2, t 4 and t 6. They too are given in Table 3 since they are of use for the comparison of the observed quadrupole coupling con stants and theoretical values to be calculated by an appropriate quantum chemical ab initio procedure. Since within the adiabatic approximation the quadru pole coupling constants can be expanded into a Tay lor series such as (the uneven derivatives vanish due to the symmetry an ab initio calculation of the lowest even-order r-derivatives of the quadrupole coupling constants to gether with our vibrational expectation values for x2n (n = 1,2,3) should already reproduce our observed quadrupole coupling constants reasonably well. For cyanamide, NH2CN, such calculations have been carried out quite recently [21] . They nicely explained the zig-zag-variation in NH2CN, NHDCN, and in n d 2c n .
zero, and a minus-one if it is below. In our context "memory" stands for a specific memory cell in a 4k-RAM.
In the following we assume that the input voltage consists of the superposition of a constant signal volt age, Us, and a noise voltage, Un : U = U s + U n.
(A.l) In our special application Us corresponds to the mo lecular emission signal at a certain time after the end of the polarizing pulse, and the noise voltage, Un, can be regarded as truely stochastic since the time interval between probing of equivalent points is at least 12ps, i.e. long as compared to the noise autocorrelation time in the detection system. For the subsequent quantitative discussion we assume a Gaussian distri bution function, Wn(UD ), for the noise voltage. Such a distribution would be generated for instance by a ran dom walk type superposition of the emissions from independent thermal oscillators. It is given by Wn(Un) = -± -r e -vM . 
The linear approximations hold for Us C/N. Now we derive an expression for the distribution function of the averaged memory contents, C, which will be found if the results of a large number of runs, each compris ing M repetitive pulse-decay-experiments, are com pared.
Let M + be the total number of plus-ones and M _ = M -M . the total number of minus-ones and the probability for a specific C-value is given by
In (A.7) pM+ • mM-gives the probability for the occur ence of an individual string containing M + plus-ones and M_ minus-ones and the binominal coefficient, (M!/M+ !M_!), counts the number of strings with different patterns of plus-ones and minus-ones, but each containing the same total M + and M_ numbers. If we express M + and M_ in (A.7) by M and C (see (A.6), and if we approximate the discrete binominal distribution by the corresponding continuous Gaus sian distribution [29] , we obtain for the distribution function of the C-values (appr. for Us < UN) .
(A.10)
We call C the averaged signal and AC the "noise-level" in the averaged signal. As usual, C/AC improves pro portional to the square root of the number of pulsedecay experiments per run, i.e. to yJ~M, and as long as US<^UN,C faithfully traces the original signal Us. We can now relate the ratio UJUN to the likelyhood of a memory overflow, which has to be avoided because it would make the contents of the memory cell useless. Memory overflow can occur in principle, once M, the number of pulse-decay cycles, has reached the maximum absolute value which can be stored in the memory cell, Cmax, (Cmax = 215 for 16-bit registers as used in our case).
For M > Cmax, the outer wing of the C-distribution curve reaches out over Cmax, and its area (shaded in Fig. Al) gives the probability that an overflow will occur. For instance, if we tolerate an overflow proba bility of 1/200, the peak of the C-distribution curve at C should be positioned about 1.8214 (l/e)-widths below Cmax and we get We finally turn to the discussion of the dynamic range of the system, i.e. to the question whether the presence of a strong signal will impede the detection of a weak signal.
In the following we will use the symbol Us for the strong signal and AUS for the weak signal and the question is: "How does the change in C, which is caused by the weak signal, relate to its value if also a strong signal Us is present?"
As long as AUS is sufficiently small, this relation can be approximated as We call AC/AUS the sensitivity of the system for small signal detection. As long as the strong signal is still well below the input noise level, i.e. as long as the exponential can be approximated by 1, the presence of Us has no effect on the sensitivity for detecting AUS. For Us -UN howev er, the small signal sensitivity has already dropped to 36.7% of its peak value, and for US = 2UN there is essentially no small signal sensitivity left (1.8% of the peak value).
In our application the strong signal may be of mo lecular origin due to the presence of a strong molecu lar transition with a resonance frequency close enough to be polarized by the polarizing pulse. But it may be also due to a coherent pick-up in the electronics of the system or due to a 30 MHz intermediate frequency caused by signal-oscillator microwave leaking to the heterodyne mixer. The later two cases are especially tricky if the spectrometer runs in the "phase alter-nating pulse sequence mode, since in this mode sig nals, which do not follow the 180° phase changes, are eliminated before the data are presented to the observ er. Thus such a strong perturbing signal can go un noticed for some time even though it has effectively blindfolded the system. From the discussion above we can conclude, that one has to change to an ADC with higher resolution, if one is fortunate enough to have better signal to noise ratios at the input, or if coherent pick-ups larger than noise can not be avoided. For a 4-bit ADC for instance with a digitization step height approximately equal to Us , the small signal sensitivity well be essen tially independent on the presence of Us as long as the latter is still smaller than 7 UN, and for an /7-bit ADC and the same digitization step height, the rapid drop in the small signal sensitivity starts when the strong signal exceeds a value of approximately (2" ~1 -1) UN.
